Introduction
Mastocytosis is a rare heterogeneous disease characterized by the accumulation of mast cells (MCs) in one or several organs. [1] [2] [3] [4] [5] [6] A World Health Organization (WHO) classification described several disease subcategories, broadly divided into localized versus systemic disease. Systemic mastocytosis (SM) is subsequently divided into indolent and aggressive disease based on damage to organs. [6] [7] [8] The c-Kit tyrosine kinase receptor is expressed on MCs. Adults with SM usually present c-Kit mutations, most frequently D816V, which allows MC survival and accumulation and activation. Recently, flow cytometric studies showed that pathologic MCs from patients with mastocytosis, in addition to c-Kit expression, display unique aberrant immunophenotypic characteristics compared with normal MCs. [9] [10] [11] [12] [13] [14] Normal MCs are derived from CD34 Ϫ c-Kit ϩ blood precursors, which terminally differentiate in peripheral tissues on SCF stimulation. 15 The aim of our study was to detect CD34c-Kit ϩ cells in peripheral blood (PB) of patients with mastocytosis and investigate whether these cells could give birth to mature MCs in the presence or absence of SCF as well as to investigate the relevance of CD34 Ϫ c-Kit ϩ cell detection for positive diagnosis, classification, and follow-up.
Methods

Patients and data collection
Fifty consecutive patients (26 men and 24 women) with a mastocytosis diagnosis as defined by the WHO criteria 6 and 15 healthy donors were enrolled in a prospective national multicenter study from 1999 to 2008. Mastocytosis subcategories were composed of cutaneous (n ϭ 4), indolent SM (ISM, n ϭ 25), aggressive SM (ASM, n ϭ 16), and SM with associated hematologic non-MC-lineage disease (SM-AHNMD; n ϭ 5). The median age of phenotype was 52 years (range, 7-75 years). Three patients (patients 32, 38, and 42) were followed at each hospitalization. A PB phenotypic analysis was performed, and the results were correlated with clinical manifestations and treatment responses. All patients were included in the Mastocytosis Pathophysi- The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
PBMC isolation, flow cytometric analysis, and cell culture
Blood was collected on heparinized tubes, and PBMCs were isolated by Ficoll-IPaque gradient (GE Healthcare). PBMCs were stained using: CD34 conjugated to FITC and CD117/c-Kit to PE. Control isotype-matched antibodies were used at appropriate concentration (Beckman Coulter). After washing, 2 ϫ 10 4 events were analyzed by FACSCalibur (BD Biosciences). The c-Kit ϩ cells were sorted after c-Kit-allophycocyanin staining associated with allophycocyanin-coated magnetic beads (Miltenyi Biotec). The c-Kit ϩ sorted cells were stained with CD34-FITC, c-Kit-allophycocyanin, and CD45-peridinin chlorophyll protein (BD Biosciences). The c-Kit ϩ CD34 Ϫ CD45 low cells were sorted on a FACSAria sorter (BD Biosciences) and cultured on 96-well plates in 200 L of IMDM supplemented 16 for 30 days with or without SCF adjunction (50 g/mL). The medium was renewed twice a week. For each cytospin, 100 L of PBS/2% FBS containing 10 000 sorted cells was used and stained with May-Grünwald-Giemsa at culture day 0 and 30. The histamine was measured in the supernatant as previously described. 17
D816V c-Kit mutation detection and serum tryptase measurement
The D816V c-Kit mutation was determined as previously described. 18, 19 Total serum tryptase (protryptase ϩ ␤-tryptase) was measured using fluorescent enzyme-linked immunoassay (Unicap; Pharmacia). 20 The detection limit of this assay is 1 ng/mL, and in healthy controls, serum tryptase levels range between less than 1 and 15 ng/mL, with a median of approximately 5 ng/mL. 21 
Statistical analysis
Statistical comparisons between characteristics of healthy donors and patients (cutaneous mastocytosis [CM], ISM, ASM, and SM-AHNMD) were based on unpaired t test. All reported P values were 2-tailed with 95% CI; P Ͻ .05 was considered significant. Data were analyzed using GraphPad Prism Version 5.01 software (GraphPad Software).
Results and discussion
The rate of the circulating CD34 Ϫ c-Kit ϩ cell population was significantly higher among the SM subcategory patients (all P Ͻ .005) compared with the healthy donors and CM patients ( Figure 1A-B) . The rate was more elevated among patients with ASM and SM-AHNDM than those with indolent forms of SM. Serum tryptase rate analysis revealed that tryptase was significantly higher in all mastocytosis subcategories (CM, P ϭ .0385; ISM, P ϭ .0242; ASM, P ϭ .0005; and SM-AHNMD, P ϭ .0012). The number of CD34 Ϫ c-Kit ϩ cells was assessed during disease evolution and under various treatments of 3 ASM patients ( Figure 1C-E) . These results showed that the percentage of CD34 Ϫ c-Kit ϩ cells decreased 24 to 48 hours after each efficient treatment and increased after each relapse, preceding serum tryptase level modification. Taken together, these results demonstrate that a circulating CD34 Ϫ c-Kit ϩ cell population exists among patients with mastocytosis, and the population rate correlated with mast cell burden, with higher elevation rates among SM subcategories compared with CM subcategories and healthy donors (P ϭ .0146 vs P ϭ .178). This CD34 Ϫ c-Kit ϩ cell population was markedly higher among patients with the most aggressive SM subcategories, such as ASM and SM-AHNMD. These more aggressive SM forms are associated with poor prognosis and shortened life expectancy. 22, 23 The CD34 Ϫ cKit ϩ cell population number correlated to cytoreductive treatment efficiency and could predict clinical disease relapses ( Figure 1C-E) .
CD34 Ϫ c-Kit ϩ cells were isolated from healthy donors (n ϭ 3) and patients (n ϭ 4) and cultured in a medium supplemented or not with SCF. Among the patients, 3 were bearing the D816V c-Kit mutation and 1 was c-Kit WT. After 30 days of culture in the presence of SCF, mature MCs were identified by morphology and histamine secretion (Figure 2 ). In the absence of SCF, only MCs derived from patients with mastocytosis (bearing WT c-Kit or D816V mutation) were able to differentiate into mature MCs, in contrast to healthy donors. This result suggested that the MC precursor from all patients with mastocytosis could mature, independently from SCF.
Previous studies reporting MC immunophenotype on large patient cohorts were usually performed on BM MCs, as recommended. 10, 12, 14 Our results on a large patient cohort show that PB phenotype could be useful, in addition to BM aspiration, to The rate of the circulating CD34 Ϫ c-Kit ϩ is shown for each patient along with disease stage, indicating the aggressiveness of their disease, and compared with healthy controls. All mastocytosis patients with systemic forms had a significantly higher rate of CD34 Ϫ c-Kit ϩ cells than the controls: ISM (P ϭ .0007), ASM (P ϭ .0031), and SM-AHNMD (P ϭ .0005). This association was not found for cutaneous forms, which were comparable with the healthy controls (P ϭ .5). (B) The serum rate of tryptase was always elevated among patients with mastocytosis, independently from the stage of the disease: cutaneous as well as systemic forms had an elevated serum tryptase. Indeed, serum tryptase levels among controls were always lower than patients with CM (P ϭ .0385), ISM (P ϭ .0242), ASM (P ϭ .0005), or SM-AHNMD (P ϭ .0012). study MC phenotype among patients with mastocytosis. Further, the PB phenotype could represent an alternative from BM aspiration to follow disease activity or to monitor treatment efficiency because the result of PB phenotype is fast, reproducible, and more sensitive than serum tryptase measurement. In addition, our findings give insight to the pathophysiology of mastocytosis and normal MC lineage development by providing strong evidence that MC accumulation in various tissues originates from the amplification of clonal blood-circulating precursors that are able to differentiate and survive independently from SCF because of constitutive activation of c-Kit as a consequence of c-Kit mutations or other unknown oncogenic events. These data may open new avenues of research in the field of MC precursors.
